Background: Histological evaluation of articular cartilage, such as using the Mankin scoring system, is the gold standard for characterization of tissue integrity. This scoring system takes into account several parameters indicative of the tissue's health; however, the collagen integrity, which is a primary indicator of cartilage health is not taken into consideration. Thus, there is need to enhance histological grading of articular cartilage by incorporating explicit scoring of collagen degeneration into the Modified Mankin grading system. This paper explores a new histological grading parameter for collagen network degradation and how this information can be used to augment a widely used grading scheme like the Modified Mankin grading system. Methods: Intact and degenerated human cartilage were examined histologically and then subjected to second harmonic generation imaging, leading to qualitative and quantitative description of collagen disruption emanating from the surface to subsurface layers of the tissue. This data was then incorporated into the Modified Mankin grading system. Findings: Second harmonic generation image analysis reveals a relationship between changes in collagen architecture and histologically observed tissue disruption in degenerated articular cartilage. Interpretation: Histological tissue disruption in degenerated human articular cartilage is directly related to the reorganization of collagen fibrils in the form of intense fibril aggregation, either as a result of degeneration or aging. This method of mapping disrupted tissue regions to quantitative collagen fibril damage can be coded into cartilage grading systems and could inform clinical practice and scientific research.
Introduction
Collagen is a major structural element of the cartilage matrix, whose destruction is known to be irreversible, leading to complete cartilage failure (Shingleton et al., 1996) . Despite its importance to cartilage structure and function, there is a scanty knowledge, and thereby a significant gap in the histological characterization of the health of the collagen network. Current histological assessment enables some characterization of the collagen structural network through irregularities and fibrillation to the articular surface (trichrome or hematoxylin and eosin staining methods) (Moody et al., 2012) , and determination of spatial orientation (birefringence) (Arokoski et al., 1996) .
The destruction of the collagen network results in the loss of the dense interconnectivity of the collagen fibrils, and undesirably large bundles of aggregated fibrils (Wu et al., 2002) . At the light microscope level, Normarski differential interference contrast (DIC) shows major changes in the fibril network expressed as an increasingly prominent radial texture in the matrix, often incorporating a pronounced crimping or waviness (Broom and Flachsmann, 2003; Hargrave-Thomas et al., 2013) . In our previous work in a sheep model, we observed histological staining patterns exhibiting a form of rarefaction with the reduction in tissue density resembling the direction architecture of collagen and apparent clumping of bundles ( Fig. 1) (Moody et al., 2012) .
Reparative tissue development could be associated with patterns of articulation, and since ovine knees are anatomically and biomechanically similar to the human knee (Armstrong et al., 1995; Bellenger and Pickles, 1993; Burger et al., 2007) , we investigate human cartilage here. To confirm that the observed tissue disorganisation is directly related to the degeneration of the collagen structural meshwork, we use Second Harmonic Generation microscopy, which is sensitive to changes in collagen architecture (Werkmeister et al., 2010) , to provide 3D images of the surface-to-depth cross-section of the cartilage samples.
We further examined the degree to which the inclusion of the new collagen-based parameter proposed in this paper enhances the traditional parameters of histological grading, namely surface integrity, cellularity, cell cloning and proteoglycan loss, in characterizing articular cartilage integrity. We hypothesize that the histological appearance of this tissue disorganisation is related to collagen fibril disruption and, if appropriately accounted for, could lead to significant contribution to cartilage grading. This paper explores a new histological grading parameter for collagen network degradation and how this information can be used to augment a widely used grading scheme like the Modified Mankin ranking system (Little et al., 1997; Moody et al., 2012; Oakley et al., 2004) . It is our opinion that this type of action could enable further distinction between articular cartilage samples with especially different levels of degeneration, with potential improvement to clinical practice and scientific standing.
Method

Human cartilage tissue preparation
Fresh human articular cartilage was obtained with institutional ethics approval (The Prince Charles Hospital Human Research Ethics Committee, protocol number EC2310, version 1.1) from consenting patients undergoing total knee replacement surgery (1 female aged 89 and 1 male aged 69), and from cadaver (1 male aged 79). Specimens were obtained across the femoral condyles, tibial plateau and patella. Cartilage-on-bone blocks were cut to 10 × 10 mm samples with approximately 4 mm bone remaining and bathed in saline in between testing. Cartilage sections (n = 61) were removed from the bone and immediately embedded in optimal cutting temperature (OCT) medium (IA018, ProSciTech), and frozen at −80°C for sectioning.
Histology of human cartilage
Tissue blocks were adhered to metal 'chucks' and locked into place in the cryostat. The temperature was maintained between −21 to −23°C. Cartilage was then cryosectioned at 7 μm thickness and mounted on Silane coated StarFrost microscope slides (G312Si-W, ProSciTech), before drying in a 40°C oven for up to one week.
Prior to histological staining, the sections were allowed to cool to room temperature before hydrating in distilled water for 1 min. The sections were then stained with trichrome stain as follows. Slides were stained in fresh Weigerts Hematoxylin (1 part solution A: 1 g Hematoxylin in 100 ml 95% ethanol + 1 part Solution B: 4 ml Iron chloride 29% aqueous solution, 95 ml distilled water, 1 ml concentrated HCl) for 10 mins, rinsed in distilled water, allowed to blue in 1% ammonia water, rinsed in distilled water, differentiated in 5% acid alcohol (0.5 ml concentrated HCl + 100 ml 70% ethanol), rinsed in distilled water, counterstained in 0.05% fast green (F7252, Sigma-Aldrich, Sydney, Australia) for 5 mins, and rinsed in 1% acetic acid for 1 min. Slides were quickly rinsed in distilled water, followed by proteoglycan staining in 1% Safranin-O (S2255, Sigma-Aldrich, Sydney, Australia) for 2 mins. Finally, slides were dehydrated in 6 × 1 s dips of each graded ethanol (70, 95, 100%) before clearing in three changes of xylene for 5 mins each, and then mounted in permount (IA019, ProSciTech) and coverslipped. H.R. Moody et al. Clinical Biomechanics 56 (2018) 1-10 method is intended as an aggregate score of cartilage damage, its individual scoring of parameters enables greater detail in signs of degeneration to be analysed. These individual parameters include surface integrity, cellularity (change in cell number), cell cloning, and Safranin-O staining intensity (Safranin-O binds stoichiometrically to chondroitin 6-sulphate and keratan sulphate in cartilage tissue sections).
Second harmonic generation imaging of human cartilage
Laser light can be polarised when incident on a non-linear material such that two photons in their polarised state can combine into one, resulting in a doubling of frequency and lowering of wavelength. This occurrence leads to the generation of a second harmonic and a residual component of the Laser light. Thus, Second Harmonic Generation imaging microscopy is sensitive to contrasts in the variations of secondharmonic light generated from the incident light when an intense laser is passed through a material with a specific molecular orientation. The ability to generate second harmonics is specific to non-centrosymmetrical structures like collagen (Xie et al., 2012) , which is a highly crystalline triple helix. An organised network of collagen molecules generates a strong signal, influenced by the common directionality of neighboring fibres (Brockbank et al., 2008; Yeh et al., 2003) . A redistribution of collagen fibrils to form a disorganised structure leads to a Second Harmonic Generation Signal emission in every spatial direction, and hence a weaker signal (Werkmeister et al., 2010) .
Following cryosectioning, the remaining uncut tissue sections of 5 samples were fixed in 4% paraformaldehyde overnight. These samples were chosen due to the range of tissue disorganisation and absence of tissue disorganisation observed in their corresponding histological sections. The cryosectioned edge of the samples were placed face up on the microscope stage to provide a directly comparable image to the corresponding histological image of the tissue directly adjacent. These samples were then imaged using a LaVision biotek multiphoton system with a Titanium-Sapphire tunable laser at 835 nm wavelength to generate a second harmonic generation signal for collagen. Z-stacks were acquired through approximately 120 μm thickness at 2 μm intervals and reconstructed using Imaris software.
Results
Histology
Histological images in this study present many different stages of cartilage remodeling and degeneration in human tissue. Our work however focuses on the textural appearance of the tissue and its relationship to the traditional indicators of histological degenerative grading, namely, structural integrity, cellular changes and proteoglycan staining.
Morphology of tissue disorganisation in human cartilage
In what appears to be a pre-cursor to rarefaction (the loss of tissue density) or early tissue disorganisation, there is an obvious 'mottling effect' of the tissue as shown by the Safranin-O and Fast Green stains ( Fig. 2A) . This is in contrast to the more uniform loss of Safranin-O commonly observed in cartilage samples, and outlined in grading methods, where staining is seen to first be lost in the interterritorial layer, followed by loss in the peri-cellular matrix (Fig. 2C ). The cells (nuclear material of cell stained with Haemotoxylin/dark blue stain) at this stage may appear 'normal' or show signs of combined localised hypercellularity and hypocellularity, and disorganisation.
The first signs of rarefaction appear at or near the surface of the cartilage, evident in the fibrillated tips (Fig. 2B) or penetrating into the articular surface (Fig. 2C) , and deeper into the cartilage as rarefaction becomes more severe. The junction between the disorganised tissue and the 'normal' tissue is observed to be either a distinct line (Fig. 2D) , or as an integrated tissue type (Fig. 2E ). Cellular observations in both types of disorganised tissue include areas of localised hypercellularity resembling cellular infiltration from the synovium, alongside areas of localised hypocellularity (Fig. 2F) . H.R. Moody et al. Clinical Biomechanics 56 (2018) 1-10 As severity of rarefaction increases, hypercellularity may become more globalized (Fig. 2G) . Cell cloning is apparent in all tissue types (normal and disorganised tissue) and stages of severity ( Fig. 2A-H) . Safranin-O staining appears to decrease or be completely absent in most disorganised tissue. In cases where Safranin-O staining is increased directly below or throughout the disorganised tissue, this appears localised around cells, often with an enlarged and brightly stained pericellular matrix (PCM) (Fig. 2E ). Blood vessel formation is observed in a number of samples, often surrounded by 'mottled' staining rather than rarefied tissue (Fig. 2H) .
Prevalence of tissue disorganisation in human cartilage
Histological tissue disorganisation is observed across all levels of health and degeneration in this study. The human specimens are largely osteoarthritic, resulting in higher scores from the combined four Modified Mankin parameters. Despite this, the appearance of disorganised tissue is observed in various degenerative manifestations of the cartilage parameters (Fig. 3) .
Correlation between second harmonic generation and histological images
To observe changes in collagen architecture, we selected a range of different signs of tissue disorganisation including normal/smooth textural appearance (Fig. 4) ; integrated normal-smooth textured tissue and disorganised tissue (Figs. 5 & 6) ; disorganised tissue with distinct border, and complete disorganisation of tissue (Fig. 7) . Three dimensional second harmonic generation images of cartilage samples were captured following histological cryosectioning on the surface that had last been cryosectioned, and therefore directly comparable to the histological images.
Cartilage with histologically 'normal' smooth textural appearance, and no visible tissue disorganisation, displays a smooth second harmonic generation image with no streaking (Fig. 4) . Cartilage of a similar histological level of fibrillation, but very early signs of textural changes, displays slight second harmonic generation streaking, suggesting early signs of collagen fibril aggregation (Fig. 5) .
Cartilage displaying histologically integrated fibrous tissue shows some second harmonic generation streaking in the surface and intermediate zones, comparable to the disorganised tissue locations on the histological images, and then change to a smooth appearance without streaking (Fig. 6) . The PCM exhibits increased brightness, suggesting increased secretion and or alignment of collagen fibrils surrounding the cells in the area adjacent to the disorganised tissue. The second harmonic generation images in the deep zone are normal, absent of streaking and pericellular brightening, corresponding to the smooth texture in the deep zone of the histological images.
The cartilage displaying a distinct border between the disorganised tissue and the underlying native cartilage (Fig. 7A) shows the same distinct line between the two tissue types in the second harmonic Fig. 7 . Trichrome stained histological section with smooth texture (A) and corresponding second harmonic generation image (B). Tissue disorganisation is separated from normal tissue by a distinct border in the histological image, which is mimicked in the second harmonic generation image. Trichrome stained histological section with smooth texture (C) and corresponding second harmonic generation images taken from various locations (D, E and F). Textural change throughout the entire depth of the histological image, shows intense streaking throughout the second harmonic generation image. H.R. Moody et al. Clinical Biomechanics 56 (2018) 1-10 generation image (Fig. 7B) . The high level of streaking in the second harmonic generation image corresponds to the location of the disorganised tissue in the histological image; and the smooth second harmonic generation image to the smooth texture of the normal cartilage in the histological image. Finally, cartilage exhibiting a textural change throughout the entire depth of the histological image (Fig. 7C) shows various patterns of intense streaking throughout the second harmonic generation image (Fig. 7D, E & F) .
Disorganised collagen tissue in histological scoring method
Based on the observations of disorganised collagen tissue manifestations, a simple grading method is proposed (Table 1 & Fig. 8 ). This table is designed to complement the Mankin and Modified Mankin grading methods as an add-on. 'Normal'/healthy cartilage score a 0, followed by a score of 1 for early signs of stain mottling and very early signs of rarefaction. Rarefaction is defined by the appearance of the thinning of the tissue. Increasing score from 2 to 4 correlates to the increasing depth of the top-down spread of rarefaction (Fig. 8) . Staging scores could further be implemented to incorporate the horizontal spread (Pritzker et al., 2006) of the disorganised tissue. Table 2 demonstrates how the addition of the collagen disorganisation parameter to pre-existing histological cartilage ranking methods could provide further distinction in cartilage health assessment. Individual parametric scores provide the best distinction for degenerative manifestations (Moody et al., 2012) , however samples with the same total Modified Mankin score can also be further distinguished from each other with the addition of the collagen disorganisation parameter. 3-1-1-3 8 3-1-1-3-4 12 Fig. 9 . Second harmonic generation images of healthy cartilage exhibiting smooth appearance from a uniform signal (A) and disorganised collagen network (B and C) where aggregated collagen fibrils form intense bundles producing a strong signal or streak (I), leaving areas devoid of uniform collagen fibril resulting in a decrease in signal (II).
Discussion and conclusion
An analysis of histological collagen disorganisation presented here has enabled us to define a new parameter that accounts for collagen characterization of tissue degeneration in a Modified Mankin grading system. For the first time in articular cartilage research, and using an image-based approach (second harmonic contrast), we have been able to relate histological signs of tissue disorganisation in light microscopy directly to collagen architecture in normal intact and degenerated articular cartilage. Second harmonic generation microscopy is sensitive to changes in the collagen architecture, and produces a 3D image of the surface-to-depth cross-section of tissue, directly comparable to the light microscopy section.
Cartilage exhibiting disorganised tissue appears to generate an overall weaker second harmonic signal than non-disorganised tissue (smooth histological appearance, Fig. 9A ), however tissue disorganisation generates a much stronger localised second harmonic contrast in the form of streaks (Fig. 9B & C) . An organised network of collagen molecules generates a strong signal, influenced by the distinct directionality of neighboring fibres (Mainil-Varlet et al., 2003; Werkmeister et al., 2010) .
A redistribution of collagen fibrils to form a disorganised structure leads to a second harmonic signal scatter in every spatial direction, and hence a weaker signal (Werkmeister et al., 2010) . The increased intensity of the second harmonic signal in the form of streaks in the disorganised tissue therefore suggests that a reorganization of collagen occurs in the form of aggregation to create a directionally aligned intense fibrillar tangled bundle. As fibrils crosslink to form larger bundles, they migrate closer together, leaving gaps in their previous location, resulting in weaker second harmonic signal intensity between the 'streaks' or aggregated collagen bundles.
Our study demonstrates that intense collagen fibril aggregation is visible through light microscopy in the form of stain mottling and rarefaction. Collagen fibril aggregation has been associated with cartilage degeneration (Broom et al., 2001; Hargrave-Thomas et al., 2013) and increased tissue swelling (Bank et al., 1997; Bank et al., 2000; Wu et al., 2002) due to a loss of network interconnectivity and therefore an effective proteoglycan entrapment system. This loss of network interconnectivity that results in extensive aggregation of the fibrils is present in aging articular cartilage (Wu et al., 2002) , and thereby attests to the strong indication of its abnormality. Consequently, tissue disorganisation may be a significant histological indicator of aging and degenerative changes to the collagen architecture, and its addition to histological assessment may provide a more representative picture of osteoarthritic degeneration.
The results presented here suggest that tissue disorganisation develops at different rates to the other four histological parameters, and is largely characterized histologically by collagen fibril aggregation. The histological scores for all of the grading parameters, including collagen disorganisation, tend to increase with increasing severity of degeneration; however, they do so at different rates and often with some fluctuations or non-linearity.
Collagen disorganisation can be accompanied by associated cell and matrix changes. The PCMs located directly beneath the integrated fibrous tissue are seen to emit a much stronger second harmonic generation signal than other observed PCMs, indicative of a higher concentration of collagen in this region (Werkmeister et al., 2010) . This suggests that the chondrocytes may have secreted new collagen and or the fibrils may have aggregated within the PCM, in an attempt to repair the damaged cartilage directly adjacent. A high level of Safranin-O stain (indicative of high proteoglycan levels in the cartilage) further support the attempt of the chondrocytes to repair the tissue through secretion of matrix. The 'streaking' appears less defined than in other cartilage sections, perhaps due to the early nature of the damage, or other idiosyncratic differences in environmental factors.
The mottling effect of the Safranin-O and Fast Green stains appear indicative of reorganization of the collagen fibrils, and consequently the proteoglycans. This effect appears to follow the directionality of the collagen fibrils throughout the cartilage zones, better known as the Benninghoff arcade (Benninghoff, 1925) . The mottling effect is also commonly observed near the articular surface in otherwise healthy cartilage, and in the regions directly beneath the disorganised tissue, suggesting that this appearance is a pre-cursor or early stage of tissue disorganisation. Chondrocytes within and around the disorganised tissue are observed to appear either as: a localised infiltration of cells surrounded by localised hypocellularity; or as localised hypercellularity denoted by cell nests, surrounded by localised hypocellularity. As disorganised tissue severity increases, cellularity appears to become more disorganised, no longer following the Benninghoff arrangement of the collagen network. This may be due to the rearrangement of the collagen architecture, and/or migration of the cells.
In light of these variabilities in the histological morphology of cartilage tissue disorganisation, its independent development from other parameters, and direct relationship to collagen destructuring, it is proposed here that a simple scoring system for collagen disruption should be related to rarefaction, based on the depth of damage through the different cartilage zones. This is comparable to the grading of rarefaction incorporated into the categorical grading of the OARSI method (Pritzker et al., 2006) , where increasing score correlates to the increased spread of rarefaction.
It should be noted that while collagen disruption is observed to begin at the articular surface and develop toward the subchondral bone, there are a small number of samples that appear to show signs of tissue disorganisation in the radial zone alone, possibly due to damage initiating in the bone. In cases such as these, a grading method could be adapted to refer to percentage of cartilage exhibiting collagen disorganisation rather than depth of observed collagen disorganisation. In addition to area spread of collagen disorganisation, changes in severity of the appearance of increased fibril aggregation, demonstrated by a more 'pulled apart' appearance of the tissue could provide further accuracy if incorporated into a grading system.
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